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1. Introduction
Electrical stimulations have numerous applications
such as pain suppression, enhancing wound healing 
process, conditioning of skeletal muscles, restoration of 
vision as well as bladder functions. Functional Electrical 
Stimulation (FES) is a term which refers to the restoration 
of motion with the aid of passing electrical signals at 
appropriate muscles. Loss of the ability for movement 
usually occurs due to development of disorder in the 
nervous system usually as a result of accident, disease or 
damages [1, 2]. 
 Currently, combined FES and orthosis are used for 
movement restoration and rehabilitation as well as for 
therapy. Control systems for lower limb FES-assisted 
movements do exist but were a predominantly open loop. 
The expectation, however, was that shifting to closed 
loop could enhance both safety and performance for such 
systems [3-5]. Achieving these could facilitate the 
emergence of a more FES-aided orthosis which is scarce; 
imagine even in the United States of America (USA) 
currently the health department approves only a single 
device for that purpose [6]. Reports have it that the 
number of subjects with nervous system ailments kept 
rising annually [7, 8]. 
The study proposed a new framework for improving 
the FES induced sit-to-stand (STS) movement. Targetted 
at improvement towards reaching clinical acceptance. 
Obtaining the STS model was to be developed from the 
knee swinging model proposed by Ferrarin and Pedotti 
[9]. Aimed at simplifying the modelling process due to 
the nature of the plant. Disturbances to be explored were 
the Fatigue, spasm and tremor models proposed by Lynch 
et al. [10-12]. Although disturbance models were 
comprehensive, there were no available suitable 
mathematical models. And also, the control scheme is to 
be developed utilising a combination of sliding mode 
control and wavelets techniques.   
2. Brief Appraisal of Relevant Literature
To make things, easier gives a summary of the
related literature. It starts with that of FES control 
schemes for the lower limb, then it looks at the 
components of the proposed control system and finally 
the reason for selecting such structure for the system. 
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2.1 Control schemes 
The control methods were for simplicity classified as 
linear, intelligent and nonlinear techniques. The linear 
control scheme in this article refers to works that 
employed linear control theories for solving lower limb 
FES control problems. Intelligent control scheme refers to 
the solutions that are obtained using predominantly 
intelligent methods. For the nonlinear schemes, nonlinear 
control methods dominate the entire process. 
The Linear control schemes were proposed and even 
put to the test by some researchers, but shortcomings 
associated with these methods were numerous. Some of 
which include the need for improvement in sensing (use 
of better sensors) and the need for re-tuning the control 
parameters always. Others are stability issues, the 
difficulty of implementation (most especially in the cases 
of Linear Quadratic (LQ) and H-infinity control methods 
and almost all the works are for continuous standing. 
Lynch and research associates argued that the linear 
control methods might not be suitable choices for 
handling FES control [10, 11, 13, 14].  
Intelligent control approaches were the most popular 
for lower limb FES control application. As usual, some 
studies were simulations while some experimental. 
Results portrayed fruitfulness that could likely help in 
passing clinical requirements. Disadvantages include 
complexity, high tuning duration, retuning required for 
each subject, high computation time and lack of 
mathematical model utilisation for ascertaining the 
stability of the control system. Stability is an important 
parameter in control systems design. Lack of the 
complete system mathematical model could make 
stability analysis very difficult or impossible. Hence, a 
major shortcoming of the intelligent control schemes 
when applied [15]. 
The nonlinear control schemes, although not as 
popular as the intelligent counterpart but the drawbacks 
of the linear and intelligent control techniques it a viable 
option. Additionally, some of the techniques applied to 
other FES control problems and results are of good 
impressions. The nonlinear methods could be used for 
stability analysis making it superior in that regards.  
The disadvantages of the linear and intelligent 
methods give the nonlinear methods upper hand. Perhaps 
after careful study, it may be integrated with other 
schemes to yield superb results. 
 
2.2 Sliding mode control and wavelet 
networks 
       The sliding mode control is a robust nonlinear 
control technique and is a subdivision of the variable 
structure. Credited to the works Emelyanov and others in 
the 1950s from the then Soviet Union; present-day 
Russia. The technique moves the system very fast along a 
specified surface to follow the desired trajectory pattern 
[16]. 
        Wavelet networks technique is a merger of wavelet 
analysis and artificial neural networks. Early research 
works on wavelet analysis can be traced back to 1946 
through the works of Denis Gabor. Its applications 
include: for noise removal, compression, and suppression 
of signals. Also for identifying discontinuity, similarity 
and changes in signals. Artificial neural networks are 
numerical models that try to copy the way the nervous 
system works. Its applied in many areas of endeavours to 
solve problems successfully. Some of its attributes are the 
ability to learn, pattern detection, signal processing, 
detection, and identification. Application of wavelet 
networks for control system design and system 
identification is at its infant stage [17-25]. 
 
2.3 Reason Behind the Combination 
Applications of the sliding mode control technique 
for the lower limb FES control was successful according 
to literature, and it shows improvement to some extent. 
The control method has some good characteristics such as 
insensitivity to external uncertainties and perturbations; 
the surface could be restricted to follow a particular 
pattern. As earlier mentioned the shifting along the 
surface occur very fast, and this could be detrimental to 
our plant. The ability to eradicate noise as well as the 
adaptive nature due to inherent intelligence of the wavelet 
networks could be used to suppress the adverse effect of 
the high switching rate of the sliding mode without or no 
significant interference with the mathematical model of 
the system. Apart from that others are enhanced accuracy, 
lowering of computing duration as well as the size of 
memory [17, 25, 26].  
 
3. The STS Model 
Obtaining the STS model of paraplegics or subjects 
with neurological disorders is not an easy task. It was due 
to the nature of the plant. Additionally, the safety of 
patients should be guaranteed. Therefore, since the study 
focused on people with paraplegia, the knee swinging 
model would be explored. It is because the basic FES 
induced STS movement can be achieved by stimulating 
similar muscles (the thigh muscles/quadriceps). The 
Ferrarin and Pedotti model [9] was chosen to be the basis 
for the modeling. It was a comprehensive model for the 
knee joint swinging. Obtained from extensive 
experimentation. Applying the basic principles of 
mechanics by considering the necessary forces associated 
with the STS movement. The model obtained would be 
validated by comparing with that obtained using 
principles of robotics. And it would be compared with 
other existing models. The modelling would be started 
using the simplest form of scenario. After which it would 
be generalised to get a model close to that of real humans; 
that is the more acceptable form. Successfully achieving 
the model in such a way means revealing a simpler way 
of obtaining the FES aided STS movement. And it may 
be extended to other FES induced maneuvres. As well as 
other forms of neurological disorders. The proposed 
precedure was as demonstrated by the flowchart by Fig.  
1. 












Fig.  1 Modelling the FES induced STS movement 
flowchart.   
 
4. Disturbance Models 
The disturbances were fatigue, spasm, and tremor. 
These are problems seriously associated with 
neurological disorder patients. Most research works were 
silent in considering all these disturbances together. 
Lynch et al. [10-12, 27, 28] reveal that in their research. 
The disturbance models were from extensive 
experimentations. The disturbances were very 
comprehensive as these properties were detailed further 
into mild, moderate and severe. What hinders the 
application of the proposed fatigue, spasm and tremor 
might be its unavailability, although proposed but the 
mathematical model was not readily available. The effort 
would be made to obtain the model from the available 
definitions and pictorial representations of the various 
disturbance parameters available in their works. Fig.  2 is 
the flowchart showing how to accomplish the 
mathematical model of the FES induced STS movement. 
Fatigue, Spasm and Tremor Disturbance Models  
Proposed by Lynch et al.
Qualitative Descriptions 
and Plots





Fig.  2 Disturbance modelling flowchart.  
 
5. Control System 
 
The Sliding Mode-Wavelet Networks Controller 
would be achieved by exploring the robustness capability 
of the sliding mode technique, noise suppression 
capability of wavelet networks and the adaptive as well as 
intellectual abilities of the neural networks. Nature of our 
plant; that is the neuromuscular being highly nonlinear 
and associated with so many disturbances. Although the 
SMC is robust, its associated with high switching rate, 
that was a treat to fatigue-related the FES activated 
movements. Noise suppression or smoothening or 
reducing the rate of switching but still maintaining the 
control objectives and the neural network capabilities 
could be explored to improve the adaptation capability of 
the overall control system which desirable for the 
application. The sandwich from all indication could result 
in improving fatigue, tremor, spasm and sensor error 
suppression. As well as the improved capability for 
making suitable for different subjects and scenarios. And 
finally, the control system that can possibly lead to 
clinical acceptance after implementation.   Fig.  3 is the 
flowchart of the process which could aid in further 
elaboration of the proposed method. 












Fig.  3 Control design flowchart. 
 
6. Expectations 
The work was novel such that it reveals how to 
obtain STS model from knee swinging model simply. 
Evaluation of the scheme using fatigue, spasm and tremor 
as proposed by Lynch and others. And the re-modelling 
of these properties. And the emergence of a  nonlinear 
control scheme not utilised before which is a combination 
sliding mode and wavelets techniques. It was expected to 
be capable of passing clinical trials that may accelerate 
the production of lower limb FES-assisted orthosis 
devices. Although the study was intended towards 
movement restoration in paraplegics, it is also applicable 
to subjects with other forms of nervous system 
disruptions. It can also be used for gait restoration and for 
remedy purposes. Others include: lowering maintenance 
costs maintenance and improvement of physical and 
mental health, making the patients more self-reliance and 
sociable [29, 30]. 
  
7. Summary 
Earlier research works have clearly indicated that 
FES technique is propitious for not only restoration of 
movements, but also for remedy and gait management in 
subjects with nervous system malfunctions. The figure of 
such patients kept becoming higher with no similar 
growth in FES-assistive devices, which might be due to 
inability to pass clinical standards. The new approach 
presented showed steps that could lead to the system 
improvement. It tried to avail enhanced modelling steps, 
and verification could be made after everything is well 
established. Presenting viable stages to obtain the 
mathematical model of the disturbances by Lynch et al. 
And finally, a revealing new way of controlling the 
system utilising Sliding mode and Wavelets methods. 
Achieving the objectives using the proposed procedure 
could lead to enhanced system. And it is expected to be 
efficient, automated and able to pass clinical tests.  
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